load. The major purpose of this paper is to propose a definition that not only accounts for any external work but also for the internal work done by the limbs themselves.
The internal work involves a new biomechanical analysis that takes into account all potential and kinetic energy components, all exchanges of energy within and between segments, and both positive and negative work done by the muscles.
This analysis was applied to a study of overground level gait on eight subjects walking at different walking speeds. The internal work/stride as calculated from the sum of segment energies was compared with the same calculation on the body's center of mass energy. The latter was found to be in error (low) by 16 External work is easy to measure, and usually comes directly from the output to an ergometer load, pushing or pulling a load, or lifting a weight. Internal work, on the other hand, is not easy to calculate. It can only be determined from the sum of all energy components (potential and kinetic) of all body segments. This summation yields a total energy curve as a function of time, and for an N segment model the body energy, E,,(t), is energy from this data. Such an approach yields the energy changes of the trunk only, the energy changes of the limbs remain unknown.
From later work (17, 22) it was subsequently
shown that the energy changes of the legs in gait far exceed those of the trunk. Ralston and (17) analyzed the energy of treadmill gait using displacement transducers attached to the centers of mass of the foot, shank, thigh, and trunk. They were able to calculate the potential and horizontal translational kinetic energy of the trunk plus the horizontal translational kinetic energy of the thigh, shank, and foot. These were the more important energy components. What was not obtained were the potential, vertical kinetic and rotational kinetic energy components of all lower limb segments. Also, the string displacement technology associated with this study confined the analysis to gait on a treadmill.
The technique used as a basis of this study is an advanced version of the instantaneous energy calculations made by Winter, Quanbury, and Reimer (22) . Such an analysis does not ignore any of the energy components and takes into account energy exchanges within and between segments. Norman and colleagues (14) did a similar segment-by-segment analysis. The only difference in their results was in the way the energy summation was taken. They calculated that total work done assuming no energy exchange between segments. Their approach yielded some very interesting results regarding the efficiency of treadmill running ' and gave some new approaches about the possible causes of inefficiency.
THEORY
The definition proposed for mechanical efficiency, 'qrn, is one that will be more rigorous under all conditions
We are aware of the dialogue that continues (7, 11, 14, 16, 18) 
where PE (i ,t) is the potential energy of the i th segment at time t ; TKE (i ,t) is the translational kinetic energy of the i th segment at time t; and RKE(i,t)
is the rotational kinetic energy of the ith segment at time t . If we first sum the energy components within any given segment over time we can get the total energy and see the exchange of energy within that segment (22) . Then if we complete the summation across all segments to get E,(t) we can see evidence of energy exchanges between segments.
To demonstrate the use of this approach an analysis of gait was done using a seven-segment model: three segments for each leg plus one for HAT. The analysis assumes the following: 1) symmetrical gait in the sagittal plane; 2) that HAT can be considered one segment and can be defined by two body markers, one on the pelvis and the other at the mid-trunk region; as all subjects were instructed not to swing their arms excessively the energy of the arms was neglected (2, 3, 7); 3) that energy components in the medial-lateral directions are negligible; and 4) loss of energy due to ground and air friction is negligible. If a more rapid or more complex movement is to be analyzed all that is required is a model and data to include all important components. Equation 3 would still apply. The time course of Ei, (t) contains the information vital to the calculation of the net internal work done by all body segments.
If net positive work is done by muscles then E,,(t) increases; similarly, a decrease in E,,(t) is due to negative work by muscles. The total internal work done during a given time, or in our example, during one stride, is WI = C IAEil (4) i=l where AEj is the total body energy change during the I ith period of time; and k is the total number of sample periods during one stride and is usually defined by the sampling period of the imaging system (tine, TV, optoelectric).
It Data were digitized for one and one-half strides, and based on the assumption of symmetrical gait, data recorded for the right leg became the data for the left leg after it was shifted in time exactly one-half stride. In this way one complete stride was analyzed, and care was taken that the stride to be analyzed was symmetrical as far as stance and swing times would indicate. Based on this model the energy was calculated two ways. First, E&) was calculated using Eq. 3. Second, the height and velocity of the body's center of mass was calculated, which yielded its potential and translational kinetic energies. The sum of these two energy components gave the total energy of the body's center of mass, similar to that calculated by Cavagna and colleagues (4-6) using force-plate data. From each of the two body energy curves the internal work per stride was determined using Eq. 4; then the work per unit distance per unit of body mass was tabulated. two different ways, is presented in Fig. 3 . Finally, in Table 1 the results of the internal work per stride (Eq. 4) is tabulated.
RESULTS
The two total body energy curves for one of the subjects is presented in Figs. 1 and 2 . Figure 1 shows the net energy of the left and right leg, HAT, and the total body segment energy. Figure 2 , for the same data, gives the kinetic and potential energies of the body's center of mass plus the total of these two components.
A comparison of these total body energies, calculated the The percentage error of the body center of mass approach was calculated and expressed as a percent of the sum of segment energies. The average error was 16.2% on the low side, and could be low by more than 40%. The average internal work done per unit mass and distance was 1.09 __ + 0.26 (SD) J/kg-m. DISCUSSION The sum of segment energies as shown in Fig. 1 demonstrates the net changes in total body energy after 3. Comparison of total body energy as calculated from body's center of mass and from sum of segment energies. Inability of body center of mass approach to detect energy changes due to reciprocal movement results in lower average energy and lower changes during gait stride. See Table 1 for differences based on gait analyses of 8 subjects. all energy exchanges within the body have been accounted for. The major increases are due to net positive work by several muscle groups at push-off and early swing, the major decreases occur in late swing and weight acceptance due to eccentric activity of several muscle groups absorbing mechanical energy. The complete details of the mechanical power generation and absorption is beyond the scope of this paper, and has already been reported (19, 21) . Both concentric and eccentric muscle activity have a metabolic cost and therefore must be included in any efficiency calculation. It is recognized that the efficiency of negative work is higher than that for positive work (1); thus any efficiency calculation using this definition of internal work will lie between the two efficiency extremes.
It is interesting to work out a hypothetical example to see what additional interpretation can be gained. Suppose the positive and negative mechanical work per stride was 60 J each, and the metabolic cost per stride was 300 J. Using positive work only the efficiency would be 0.2; using both positive and negative work it would be 0.4. If we assume positive work is twice as efficient as negative work we would then calculate the positive work efficiency to be 0.3 and negative work efficiency to be 0.6.
The total body energy, as calculated from the center of mass (Fig. 2) , was predictably quite similar to that calculated by Cavagna and Margaria (5) using forceplate data. As a result of the symmetry of the gait, two peaks occur per stride. Potential energy reaches a maximum as the body rises at midstance and falls during double support; the kinetic energy component has the opposite variations.
As predicted, the center of mass energy is lower and shows less change than the sum of segment energies (Fig. 3) . This error is due to the fact that the center of mass approach fails to account for energy changes present in reciprocal movements, clearly demonstrated by this example of gait. The individual energy components are scalar quantities (always positive); thus the energy associated with reciprocal movements always adds, whereas the center of mass approach adds vectors that can cancel. The integral of the energy changes (absolute value) during one stride, for this example analysis, was 62.2 and 51.3 J, the lower value being for the center of mass technique. The average error is shown to be low by 16.2% and can be as much as 40%. Another significant error can be seen when assessing the technique used by certain researchers (12) who have attached a marker or accelerometer near the anatomic center of gravity.
They have analyzed the data from an anatomic landmark located on the trunk and calculated the associated potential and kinetic energies. This would yield a total energy curve not unlike that for HAT as shown in Fig. 1 . It is quite evident that this curve bears little relationship to the total body energy curve plotted immediately above it. The major changes due to each of the legs is not seen in the HAT energy curve; in fact, an accelerometer attached to the trunk can, at best, yield nothing more than the energy changes of that segment alone.
Conclusions 
